The phylogeny of Alismatales remains an area of deep uncertainty, with different arrangements being found in studies that examined various subsets of genes and taxa. Herein we conducted separate and combined analyses of 103 morphological characters and 52 rbcL sequences to explore the controversial phylogenies of the families. Congruence between the two data sets was explored by computing several indices. Morphological data sets contain poor phylogenetic signals. The homology of morphological characters was tested based on the total evidence of phylogeny. The incongruence between DNA and morphological results; the hypothesis of the 'Cymodoceaceae complex'; the relationships between Najadaceae and Hydrocharitaceae; the intergeneric relationships of Hydrocharitaceae; and the evolutionary convergence of morphological characters were analyzed and discussed.
Introduction
All known marine angiosperms (12 genera) and all hydrophiles angiosperms (17 genera) are concentrated in the Alismatales with only a few species found in the Ceratophyllaceae [1] and Callitrichaceae [2] . All the members of this order are plant rhizomatous; mycorrhizae absent; starch grains pteridophyte-type, amylophilic; a extrorse, tapetum amoeboid, cells uninucleate, carpels with completely unfused canals, stylodia+, stigma dry (common); endosperm helobial; embryo large, (chlorophyllous); seedling with hypocotyl and root well developed (data from Angiosperm Phylogeny Website http://www.mobot.org/ MOBOT/research/APweb/orders/alismatalesweb.htm# Alismatales).
Many of the phylogenies of the Alismatales have been published, some based on morphological data and others based on molecular data [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . However, there is no evidence that these hypotheses of the relationship are converging on a single viewpoint. Relationships within the order Alismatales are still less certain. Many early studies [14, 15] did not use explicit methods of phylogenetic analysis, therefore their conclusions are difficult to evaluate. Furthermore, most of these were less than comprehensive, with phylogenetic relationships suggested for only subsets of taxa, or for larger numbers of taxa but based on a small number of characters; their results should be less persuasive. The only existing studies of relationships in the Alismatales that incorporate explicit phylogenetic methods, contain a representative sample of taxa, and use a large number of characters are the analyses of non-molecular data by Dahlgren and Rasmussen [16] and the analysis of DNA sequence data by Les and Haynes [17] and Les et al. [3, 18] . The phylogenetic relationships of Alismatales have been discussed by Les et al. [3] in detail. However, cladograms of the Alismatales generated from the molecular data differ in many respects from those obtained using non-molecular data. Donoghue and Sanderson [19] argued strongly in favor of combined analyses of such data sets. Here, we attempt to evaluate the outcome of combined analyses for the first time based on 52 rbcL sequences and 103 morphological characters from 52 genera; representing all currently recognized families and 81% of the genera in the order Alismatales. Delimitation of families and genera are according to APG II [20] , Cook [21] , Cronquist [22] , and Tomlinson [23] . In this paper, incongruence between the two different data sets is examined by use of several indices. Despite the fact that the rbcL data set is incompatible with the morphological data set, we argue that the best solution for handling the two data sets is to combine them all into a single matrix.
The goals of this study are: (1) to compare results obtained from morphology and rbcL sequences to assess whether there is significant incongruence between the two and whether there is greater homoplasy in the morphological data; (2) to determine whether analysis of the combined data provides additional phylogenetic information beyond that obtained from either morphology or molecules alone; (3) to present a phylogenetic analysis of the intrafamilial relationships within Alismatales based on two different data sets: morphology and rbcL sequences; and (4) to analyze the specific characters which might contribute to the conflict between morphological and rbcL data sets. This study adds to our understanding of relationships of the Alismatales and is an important step towards understanding the evolutionary processes that have led to those complicated patterns of the Alismatales.
Materials and methods

Taxa sampling
The morphological characters of 52 taxa of Alismatales were compiled from the literature resources and from herbarium specimens from KIB of China [1, 3, 7, 16, [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] . In total, 103 characters were analyzed, covering internal anatomy, external morphology, and ecological characters (Appendix A) . In this analysis, we increased the number of taxa from the 15 families used by Les and Haynes [17] to 52 genera and the number of morphological characters from 59 to 103. The rbcL sequences for 52 species of Alismatales in GenBank were obtained (Table 1 ). All phylogenetic trees were rooted by Lemnaceae and Araceae according to Les et al. [3] , Tamura et al. [9] , Janssen and Bremer [8] , Givnish et al. [11] , and Chase et al. [10] (all place Araceae as a sister to the rest of the order).
Data analysis
Morphological characters were equally weighted. All characters were considered unordered. Molecular and morphological data sets were combined into a single matrix for a parsimony analysis. No weighting was applied to any character.
All phylogenetic analyses were performed using maximum parsimony as the optimization criterion, as implemented in PAUPÃ 4.0b4a [35] . Three analyses were carried out on the morphological data for 53 taxa; rbcL sequence data for 52 taxa; morphological and rbcL data combined for 48 taxa. For the separate phylogenetic analyses of the morphological data and rbcL sequence data, all changes among character states were weighted equally. To simultaneously accommodate taxa with multiple character states resulting from uncertainty or polymorphy, the variable option in PAUPÃ 4.0b4a was used.
Phylogenetic analysis was done using heuristic search options with 1000 random sequence additions, tree bisection-reconnection (TBR) branch swapping, MULPARS on, steepest descent off and saving all most parsimonious trees without any restrictions. Branch support was estimated by 1000 bootstrap replicates using PAUPÃ 4.0b4a with TBR and MULPARS options in a heuristic search with a random addition of sequence of taxa per bootstrap replicate.
Congruence among data sets
Measures of character congruence examined were the Mickevich and Farris original measures (I MF ) [36] . The I MF is the proportion of between data set homoplasy (the difference between the extra number of steps required for a most parsimonious tree from the combined data set and the extra number of steps required by each data set on its most parsimonious trees) relative to the extra homoplasy required by the combined data set; data sets with no conflict will yield an I MF value of 0.0.
A global test for homogeneity was accomplished by the incongruence length difference (ILD) test [37, 38] , implemented in PAUPÃ 4.0b4a as the partition homogeneity test. The data sets are combined into a single data matrix with two partitions: the test compares the sum of the shortest tree lengths based on the original partitions (the two separate 48-sample data sets) to a distribution of sums of lengths of trees generated by random repartitioning of all the data. When 99% or more of those random partitions show an I MF smaller than the original, we reject the null hypothesis and conclude that the data sets are significantly heterogeneous. For this test, invariant characters were excluded [39] , and heuristic searches were conducted with 100 replicates, each with 10 random addition replicates using TBR branch swapping, and the MULTREES option on.
Reconstruction of character evolution
To reconstruct historical shifts in morphology, we overlaid characters onto a representative tree from the combined data set by using WinClada [40] and NONA [41] .
Results
Phylogenetic analysis of morphological data
Of the 103 characters considered, 12 were variable parsimony-uninformative characters, and 79 were parsi-mony-informative characters. The percentage of phylogenetically informative characters was 87.38%. Parsimony analysis of the morphological matrix produced 9348 parsimonious trees of 284 steps with CI = 0.4572, RI = 0.8518, HI = 0.5428, and RC = 0.4139.
The 50% majority rule consensus tree of 9348 most parsimonious trees based on the morphological data was weakly supported without resolution. The Alismatales was resolved as monophyletic with a low bootstrap value (<50%). However, the morphological data still identified several strongly supported monophyletic groups, e.g., the clade of Hydrocharitaceae with a bootstrap support of 94%, the Alismataceae subclade (100%), the Limnocharitaceae subclade (94%), the Cymodoceaceae subclade (89%), the Zosteraceae subclade (95%), and the Potamogetonaceae subclade (80%). The 50% majority rule consensus tree of these trees showed that Hydrocharitaceae might be the sister to the remainders that were divided into two clades with no internal supports. The first one included Alismataceae, Limnocharitaceae, Butomaceae, Aponogetonaceae, Scheuzeriaceae, Lilaeaceae, and Juncaginaceae with 62% bootstrap support, which was subdivided into two subclades with low internal supports, i.e., a weakly supported Alismataceae, Limnocharitaceae, Butomataceae, and Aponogetonaceae subclade; and a Lilaeaceae, Juncaginaceae, and Scheuzeriaceae subclade with no support (<50%). The other clade included the remaining seven families within Alismatales, where Potamogetonaceae and Ruppiaceae are basal with 96% bootstrap support, followed by Zannichelliaceae and Najadaceae in turn; Posidoniaceae and Zosteraceae together are a sister group of Cymodoceaceae with 55% bootstrap support. The topology indicated that Lilaeaceae and Juncaginaceae were unresolved polychotomies. The low resolution of interrelationships among the main clades is likely to be due to characters used in the analysis that were not chosen to study internal Alismatales phylogeny.
Phylogenetic analysis of molecular data
Sequence alignment of the rbcL sequences yielded 1274 bp, of which 801 were variable sites, 94 were variable characters that are parsimony-uninformative, and 287 are parsimony-informative variable sites. The percentage of phylogenetically informative sites was 24.28%. Parsimony analysis of the data yielded 21 most parsimonious trees of 1267 steps with CI = 0.3783, RI = 0.573, HI = 0.6217, and RC = 0.2950.
The strict consensus of these trees indicates two major lineages in Alismatales: One contains five families arranged in two subclades, consisting of (1) Alismataceae and Limnocharitaceae, and (2) Butomaceae, Hydrocharitaceae, and Najadaceae. The bootstrap value of this lineage is 80%. The other lineage includes 10 families, in which: (1) Aponogetonaceae and Scheuchzeriaceae are basal; (2) one clade constitutes the families Lilaeaceae and Juncaginaceae; (3) one clade includes Cymodoceaceae, Posidoniaceae, and (4) another clade comprises Ruppiaceae, Zosteraceae, Potamogetonaceae, and Zannichelliaceae where Ruppiaceae is basal. The bootstrap value of this lineage is 82%. The monophyly of the Alismatales is strongly supported with a bootstrap value of 97%. The strict consensus tree also indicates some unresolved polytomies: (1) Hydrocharitaceae and Najadaceae; (2) Alismataceae and Limnocharitaceae; (3) Lilaeaceae and Juncaginaceae, and (4) Cymodoceaceae and Posidoniaceae.
Combined data sets: Congruence indices and phylogenetic analyses
The I MF index (0.0612) indicated that the incongruence that was less then 10% was attributable to differences between data sets. This is a relatively low level of incongruence [42, 43] . However, the partition homogeneity test indicated that the molecular and morphological data sets have significantly different phylogenetic structures. The null hypothesis that the two data sets are homogeneous was rejected (P = 0.01).
The combination of morphological and rbcL data sets produced four trees, and the strict consensus tree, of 1801 steps with CI = 0.4000, RI = 0.7087, HI = 0.6000, and RC = 0.3664, was well resolved (Fig. 1) . The only difference among the four trees was the relative placement of genera Ottellia, Blyxa, and Lagarosiphon of the Hydrocharitaceae. This data set included 1181 base pairs and 103 morphological characters (687 variable characters; 363 informative characters). The percentage of phylogenetically informative sites was 28.27%.
With 287 informative character state changes possible in rbcL and 79 possible in the morphological data set, the phylogenetic trees from the combined data set (Fig. 1) show more shifts to molecular trees than to the morphology trees. The monophyly of the Alismatales, again, is strongly supported with a bootstrap value of 99%. The strict consensus of these trees indicates two major lineages in the Alismatales, as seen in the molecular data. One clade includes four families, where Hydrocharitaceae and Butomataceae are basal in turn, a subclade of Limnocharitaceae and Alismataceae, and their sister relationships with Butomataceae with 100% bootstrap support. The other clade contains eleven families, where Aponogetonaceae is a sister group to the other ten families in this clade, which received 50% bootstrap value in the combined analysis. Scheuchzeriaceae diverged as the next branch and are a sister to the remainders with 52% bootstrap support. This is followed by a subclade consisting of Juncaginaceae and Lilaeaceae, which are placed as a sister group of the subclade comprising the other seven families. However, the placement of Najadaceae, Posidoniaceae, Ruppiaceae, Scheuchzeriaceae, and Aponogetonaceae is still uncertain in the current analyses. Lilaeaceae and Juncaginaceae are still realized as unresolved polychotomies.
Analysis of morphological characters
After analyzing the distribution of each character and its states on the phylogenetic tree, characters 2, 3, 9, 17, 21, 37, 38, 42-45, 47, 50, 55, 60, 63, 64, 76, 82, 87-89, 93, and 95 were recovered as homologous characters, with the other characters homoplasious in the Alismatales (Fig. 2) . A 'homoplasious character' means that its diverse states are due to convergent, parallel, or reverse evolution and not due to inheritance from a common ancestor. Such a character still contributes to constructing the phylogenetic tree in a cladistic analysis (Fig. 2) , but it is prone to override the exact characters that may imply the real evolutionary history if over-weighted in building a phylogeny.
Discussion
Incongruence between morphological and rbcL analyses
Partition homogeneity tests between morphological data and rbcL sequence data showed incongruence (P = 0.01). The results demonstrate that morphological data possess different phylogenetic information compared with rbcL data, and indicate that there are some heterogeneity among the data partitions. The phylogeny produced by the original (non-randomized) data sets is significantly shorter than the trees produced when the two data sets were randomly recombined. In other words, a given character from one data set tends to support other characters from the same data set more strongly than it supports characters from the other data set. Thus, partition homogeneity tests indicated substantial incongruence between the morphology and rbcL data sets. However, the original Mickevich-Farris measures of percent variation indicated little variation between morphology and rbcL data sets (I MF = 0.0612).
In addition, the summary statistics resulting from the parsimony analysis of the morphological data set are clearly worse than those from the combined data set (Table  2) , and the bootstrap support for most groups is lower in the morphological trees, as is the resolution. In contrast, the number of most parsimonious trees is much higher in the morphological analyses (9348 vs. 12). Therefore, although morphological characters are few, they contain a considerable amount of incongruence among themselves, probably the result of errors in homology assessment [44] . These morphological characters seem to contain poor recoverable signal for the reconstruction of species phylogeny. The fact that the topology of the cladogram from the morphological matrix is incompatible with that from the rbcL matrix seems to further indicate that our interpretation of the morphological data set contains an excess of incorrect homology assessments.
The appropriate treatment of multiple independent data sets is an area of debate in systematics [19, 35, [45] [46] [47] [48] [49] . A total evidence approach advocates that combined analysis improves the opportunity to detect phylogenetic signals amid background noise, by increasing the number of characters [50] . In addition, some authors have indicated that the partition homogeneity test is extremely conservative [39, 51] . Furthermore, such incongruence is biologically more interesting since they may be the indicators of previously unsuspected biological processes [52] [53] [54] [55] .
Based on the above argument, and given the results of both Partition homogeneity tests and Mickevich-Farris measures, we merged the data together into a single matrix (total evidence) because we believe that the combined analysis of the two data sets constitutes a homology test for the morphological characters against the molecular characters [56] . The results of such a test can be read on the resulting cladograms generated from the parsimony analysis of the combined matrix, which provide justification for letting molecular characters decide which of the morphological characters contain more noise in reconstructing the intrageneric phylogeny of the Alismatales (Fig. 2) . Given that the molecular data set appears to convey more phylogenetic signal for reconstructing the intrageneric phylogeny, if we were to merge the molecular data together with a high number of morphological characters containing much homoplasy, the true phylogenetic signal might be partially overridden. To better understand the conflicts between the morphological and molecular data sets, specific morphological characters contributing to this incongruence are examined later. 
Combined and independent analysis
Preliminary summaries of interfamilial phylogenetic relationships in the Alismatales have been discussed by Les and Haynes [17] , and Les et al. [3, 18] , and the references therein. The analysis given here presents a more comprehensive estimation of relationships, with analyses of molecular and morphological data sets based on the study of the majority of the genera in the order. The outcome from the rbcL sequence-based data set in this study is similar to that of Les et al. [3] , showing the presence of the same two major clades. However, they differ in details such as the topology of the families in the complex clade (Cymodoceaceae, Posidoniaceae, and Ruppiaceae), and the placement of two fresh-water families (Aponogetonaceae and Scheuchzeriaceae). The low bootstrap value of this clade in the earlier study and the unresolved polytomies in the present study indicated that the rbcL gene is not capable of resolving the position of Cymodoceaceae, Posidoniaceae, and Ruppiaceae and that additional gene sequences should be included in further studies.
The molecular data provided a rather different picture from the morphology-based phylogeny herein. The combined data topology shows several shifts in the direction of the molecular results, indicating that including morphological data may give better phylogenetic results. However, maximum parsimony analysis of the combined data produced a topology ( Fig. 1 ) that was only slightly more resolved than that based on rbcL alone.
The consensus of evidence from molecular and morphological studies argues strongly for the monophyly of the Alismatales, characterized by the following synaptomorphies: root-hair cells shorter than other epidermal cells (character 3), sieve-tube plastids with starch grains absent (character 9), intravaginal squamules present (character 17), and apocarpy carpel (character 55). Cladograms of the Alismatales generated from molecular data and morphological data differ mainly by the placement of Najadaceae and Ruppiaceae.
The topology in the combined cladogram for Hydrocharitaceae, Butomataceae, Alismataceae, and Limnocharitaceae is consistent with the cladogram presented by Dahlgren et al. [57] , Les and Haynes [17] , and Les et al. [3, 18] . However, the relationships among the remaining representatives are different from the results from Les et al. [3] , especially for the 'Cymodoceaceae complex', the relationships between Najadaceae and Hydrocharitaceae, as well as the intergeneric relationships of Hydrocharitaceae.
Based on rbcL data, in spite of the great differences in the morphology and the anatomy of their reproductive structures, as well as their modes of pollination, Les et al. [3] treated the families Cymodoceaceae, Posidoniaceae, and Ruppiaceae together as one phylogenetic unit, the 'Cymodoceaceae complex', to distinguish it from the other seagrass groups such as the Zosteraceae and the marine Hydrocharitaceae. However, the degree of internal supported (bootstrap values) for the monophyly of the 'Cymodoceaceae complex' is not particularly high (40%). Cox and Humphries [58] have suggested that Zosteraceae, Posidoniaceae, and Cymodoceaceae represent a monophyletic clade, but their analysis was limited by the small number of taxa considered. Our combined analysis shows a close relationship between the Ruppiaceae and the clade Potamogetonaceae-Zannichelliaceae, with a 64% bootstrap value, and between the Posidoniaceae and the clade Cymodoceaceae-Zosteraceae-Najadaceae, which is mainly supported morphologically by filiform pollen, exine absent or greatly reduced of pollen sculpturing, pollen wall ultrastructure atectate, and filiform stigma.
Within the Alismatales, contemporary taxonomists have often assigned the families Hydrocharitaceae and Najadaceae to different suborders Hydrocharitales. The Najadaceae are presumably allied to a variety of aquatic families in the order Najadales, whereas the Hydrocharitaceae have been segregated as the order Hydrocharitales or placed within the order Alismatales. Les et al. [3, 18] supported the hypothesis that the Najadaceae are implicated either as the sister group to, or an integral member of, the Hydrocharitaceae. Analyses of morphological and molecular combined data sets ( Figs. 1 and 2) , however, indicated that Najadaceae have a much closer phylogenetic relationship to families of the 'Najadales' (Cymodoceaceae, Potamogetonaceae, Ruppiaceae, Scheuchzeriaceae, Zannichelliaceae, Zosteraceae) than to the Hydrocharitaceae.
Hydrocharitaceae occupy a wide spectrum of habitats, from freshwater to marine, and exhibit remarkable diversity in vegetative and reproductive morphology and pollination mechanisms. The family illustrates stages in the evolution of angiospermous plants inimitably adapted to life in water. Yet, intergeneric relationships have not been resolved confidently enough to facilitate critical evaluation of evolutionary trends. The rbcL and combined results showed that Hydrocharis and Limnobium occupy a basal position in the family and are resolved in both the molecular and combined analyses, whereas highly specialized taxa are derived phylogenetically. Marine genera (Enhalus, Halophila, Thalassia) are monophyletic. Morphologically similar submersed freshwater genera are polyphyletic. Morphologically, Hydrocharitaceae appear to be supported mainly by the presence of staminodia, intracarpel- 
Evolutionary convergence of morphological characters
Morphological characters perceived as adaptive for aquatic life have arisen repeatedly among unrelated groups of the Alismatales, which includes all known marine angiosperms (12 genera) and all water-pollination angiosperms (17 genera) excluding the two dicotyledons genera (Ceratophyllum and Callitriche) [59] . The results of the combined analysis of morphological and rbcL data sets show that at least 29 of the 103 morphological characters require high amounts of homoplasy to be optimized in the representative most parsimonious tree (Fig. 2) . Therefore, their coding as the same character is not confirmed by the parsimony analysis and instead seems to result from incorrect homology assessment. As Les et al. [3] stated, several characters used to characterize the Alismatales appear to be the consequence of parallel and convergent evolution associated with aquatic adaptations.
Members of the Alismatales are found in fresh, brackish and marine environments or in marsh, based on the habitat of the majority of species in a genus. The phenomenon that similar suites of characters evolved in different lineages in response to similar ecology is well demonstrated in the Alismatales, which developed convergent features as adaptations to the marine environment. For example, floral reduction, embryo type and embryo-sac formation, which are considered an outcome of abandoning insect pollination, seem to follow a general trend of more specialized habitats, in going from fresh, to brackish and finally marine environments.
Les and Haynes [17] re-examined hydrophily and unisexuality in light of the rbcL phylogeny and found both characters have evolved many times. The high likelihood of parallelism for unisexuality and hydrophily is also acknowledged by Dahlgren and Rasmussen [16] . Chen et al. [7] examined the evolution of carpy based on the topology from rbcL phylogeny. Two independent origins of apocarpy in the Alismatales are explored in this study. Three separate origins of a single carpel and two separate origins of syncarpy in the order are also proposed. We re-explored the evolution of several characters that are of great evolutionary interest in themselves and that probably contribute to the conflict between the morphological and the molecular phylogeny herein.
Reductions and losses of perianth occur within several alismatid families. An undifferentiated perianth appears to have been the basal condition among the Hydrocharitaceae and was then lost at least twice in three genera of Zosteraceae, Posidoniaceae, Zannichelliaceae, and Aponogetonaceae (Fig. 3) . The presence of an undifferentiated perianth, or losses of perianth, occurred through the evolution of showy, petaloid sepals, associated with highly specialized mechanisms of entomophilous pollination. It is interesting to note that Aponogeton genera with both an undifferentiated perianth and a differentiated perianth, is indeed animal pollinated. In contrast, the Butomataceae, Hydrocharitaceae, Alismataceae, and Hydrocharitaceae families with a differentiated perianth are all animal pollinated or hydrophily. A homologous loss of perianth in Cymodoceaceae, Najadaceae, Posidoniaceae, Potamogetonaceae, Zannichelliaceae and Zosteraceae as suggested by Dahlgren and Rasmussen [16] is not a conclusion that can be accepted with confidence; nor is the absence of Fig. 3 . Reconstruction of perianth (character 27) for selected most parsimonious trees based on the combined data sets. perianth in the Alismatales as a homology suggested by Dahlgren et al. [57] .
Hypogynous flowers appear to have re-evolved at least twice in the families within Alismatales, in Alismataceae, Limnocharitaceae, and in other alismatid families except for Hydrocharitaceae, Butomataceae and Najadaceae (Fig. 4) . Dahlgren et al. [57] considered epigyny as restricted to (and autapomorphic for) Hydrocharitaceae. However, in its later developmental stages, the flower of both Butomataceae and Najadaceae tends to become epigynous [60] . The floral outer envelope of Najadaceae has been interpreted as a bract similar in origin, structure, and vascularization to the spathe found in Hydrocharitaceae [61] . Some have regarded the structure as an abnormal feature resulting from a morphogenetic shift [62] . However, at present there is no convincing evidence to resolve whether the flower of Najadaceae is hypogynous and apocarpous or epigynous and syncarpous. Thus, there is still doubt about its use as one of the morphological synapomorphies defining the Najadaceae, Hydrocharitaceae and Butomataceae.
Several other morphological characters also appear to be highly homoplasious within the alismatid families. For example, asterad embryogeny appears to have arisen at least twice (Fig. 5) . Embryo straight has arisen at least five times, in Aponogetonaceae, Scheuchzeriaceae, Zannichelliaceae, Posidoniaceae, Cymodoceaceae, and Butomataceae (Fig. 6) . Polygonum embryo-sac formation evolved twice independently in Zannichelliaceae and Alismataceae. The adaptive significance, if any, of embryo features is unknown. The highly labile nature of embryo characteristics in the alismatid families under study raise doubts on the suitability of these characters for phylogenetic analyses.
